Introduction
exercise bout (Scarabello et al. 1991) . The sum of the factors The classical oxygen debt hypothesis (Hill and Lupton 1924; Margaria et al. 1933) states that after a period of intense exercise the elevated post-exercise oxygen consumption (EPOC), i.e., the oxygen debt, is utilized to oxidize a small portion of the accumulated lactate (LAC) burden, providing energy to resynthesize the remainder into glycogen (GLY). However, in mammals, accumulated evidence now suggests that EPOC may depend on factors other than LAC accumulation, such as intensity and duration of exercise, body temperature elevation and catecholamine mobilization (Barnard and Foss 1969; Brooks et al. 1971; Bahr et al. 1987) . Segal and Brooks (1979) demonstrated that GLY depletion significantly altered metabolism both before and after moderate to heavy exercise. Both resting and post-exercise blood LAC levels were lowered in glycpgen-depleted (GD) subjects, whereas oxygen consumption (Mo,) levels were not significantly different from normal-glycogen (NG) subjects.
These conditions have not yet been tested in fish. In a recent study we have evaluated the classical oxygen debt hypothesis by preparing theoretical budgets of the cost of recovery based on measured changes in M O~ and metabolite status in the whole body of juvenile rainbow trout after a single severe contributing to the "alactacid debt" (Margaria et al. 1933) , including adenosine triphosphate (ATP) and creatine phosphate (CP) restorat?on, agreed well with the measured fast component of the Mo2 recovery curve. However, the measured slow component ("lactacid debt") was much greater than could be explained on the basis of metabolic scenarios of the classical oxygen debt hypothesis. LAC disposal by itself did not appear to account for the measured EPOC.
The present study was designed as an empirical test of this theoretical conclusion, by experimentally manipulating the post-exercise LAC burden through prior GLY depletion. It is known that dietary status affects GLY stores in trout, and that in turn the state of the GLY reserves profoundly affects exercise performance, resistance to fatigue, and post-exercise recovery (Miller et al. 1959; Hochachka and Sinclair 1962; Black et al. 1966) . We anticipated that a short period of starvation would lower the GLY stores and thereby reduce the post-exercise LAC burden. We predicted that if EPOC and LAC recovery were directly linked, as suggested by the classical oxygen debt hypothesis, then EPOC would be lowered in approximate proportion to the reduction of the post-exercise LAC burden. If, on the other hand, EPOC and LAC recovery were not directly linked, in accord with the theoretical analysis '~u t h o r to whom all correspondence should be sent at the followof scarabello 6'; (199119 then rainbow trout, during recovery from exhaustive exercise, and thereby provide evidence to support or reject the classical oxygen debt hypothesis of Hill and Lupton (1923) .
Materials and methods

Animals
Juvenile rainbow trout (n = 173) were obtained from Rainbow Springs Trout Farm, Thamesford, Ontario, and held in large, 400-L circular tanks, with well-aerated fresh dechlorinated Hamilton tap water at the experimental temperature (15 ? 1°C). Fish were fed ad libitum with 1.5-Gr. trout pellets (Martin Feed Mills, Don Mills, Ontario) every day.
Glycogen depletion experiment
It is known that during starvation, some fish tend to defend carbohydrate stores at the expense of either lipid or protein (see Moon and Johnston 1980) . Thus, initial tests (fish weight --6 g) were performed to determine the experimental protocol that would deplete a significant amount of whole-body GLY. Fish were divided into four groups and sampled for whole-body GLY and glucose (GLU) as described below. A control group (fed) was sampled immediately to determine initial levels. Other groups were subjected to 5 or 9 days of starvation, or 3 days of starvation combined with continuous swimming at 2 body lengthsls (BLIs) in a current, and then sampled.
Experimental treatment
On the basis of the initial experiment (Table I) , 5 days of starvation was selected as the appropriate plocedure for GLY depletion. Therefore, the final experimental protocols compared two groups. In the case of the normal GLY group (NG), the regular daily feeding regime was continued until 1 day prior to experimentation. In the case of the GLY depleted group (GD), fish were removed from the holding tank 5 days before the experiment and held in square 50-L tubs under similar conditions, but were not fed. Fish from both groups were removed from the holding tanks 1 day prior to experiments, weighed (about 6 g),. and were then acclimated overnight to individual respirometers. The following morning, fish were removed from the respirometers and chased in a bucket for 5 min until thoroughly exhausted. They were then returned to the respirometer and allowed to recover for up to 12 h. Control fish for each group (NG and GD) were not exercised and were left in the respirometers throughout the experimental period.
Respirometry
The respirometers were darkened 20-mL syringe barrels fitted with three-way stopcocks for inflow and outflow sampling. A Gilson Minipuls peristaltic pump provided a constant flow of approximately 1.5-2 L/h to each respirometer. Samples of inflowing and outflowing water were taken in 1-rnL glass syringes for measurement of PO, via a Radiometer E5046 oxygen electrode, thermostatted to 15"C, and connected to a Cameron instruments OM-200 meter. Inflow PO, was about 155 torr; typically the drop (APo,) at the outflow was 15-20 torr, increasing to as high as 45 torr after exercise. Tests demonstrated that the minimum mixing time to yield a representative APo, was 5 min; thus, the first post-exercise determination was made at 5 min after the end of exercise. (when the fish was replaced in the chamber). Oxygen consumption (Ah,; pmol 02/(g wet wt:h)) was calculated by the Fick principle:
where a0, is the solubility coefficient of 0, in water at 15°C (2.01 11 pmol/(torr-L); Boutlier et al. 1984) . (Note that 1 torr = 1.33 X 10, Pa.) As no difference in percent water content was observed between groups or as a result of exercise (results not shown), values were then converted to nmol/(mg dry wt:h) (mean water content 76.7 2 0.44%).
Ah, study
In this study, only Ah2 was measured both before and after a 5-min bout of exhaustive exercise in the same fish for each group (n = 8).
A mean of three measurements was taken prior to exercise. Postexercise samples were taken first at 5 min, then at 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 12 h. Control fish were sampled at the same time but were not exercised. The area under the Ah, recovery curve (i.e., until pre-exercise levels were re-established at a maximum of 6 h) corresponds to the EPOC or "oxygen debt." This area was measured on an individual fish basis (0-6 h), relative to pre-exercise levels, using a GTCO Digi-Pad digitizer pad and a Zenith Data Systems microcomputer.
Metabolite study Fish from both groups (NG and GD) were acclimated to the respirometer (12 h), exercised for 5 rnin, and allowed to recover. At 5 min and 1, 3, 6, 8 and 12 h post-exercise, Ah, was measured, and immediately thereafter, fish (n = 8 at each sample time) were freezeclamped for simultaneous metabolite measurements by means of Wollenberger aluminum tongs precooled to -196OC in liquid nitrogen. Two control samples (C1 and C2) from nonexercised fish were also taken at the start-and end of the experiment. EPOC was measured from the mean Ah2 recovery curve between 0 and 6 h, relative to C 1. Scarabello et al. ( 1991) demonstrated that Ah, measurements were less variable when individual fish were followid for the duration of the experiment, in contrast to the use of single terminal samp!es required for the metabolite study. The purpose of repeating the Ah2 measurements in the metabolite study was to ensure that the two treatments were consistent. Calculations in the budget, therefore, were based on EPOC measurements from the study using Ah, only.
For whole-body freeze-clamping, the fish was removed from the respirometer by quickly emptying the syringe barrel into a small net, and then stunned by a blow to the head. Fish that struggled were discarded. The delay between removal and freeze-clamping was 5 s. The whole fish was subsequently powdered in a mortar and pestle under liquid nitrogen, weighed, freeze-dried for 48 h, reweighed, and stored in an evacuated dessicator at -60°C until assay of metabolites. LAC, GLY, ATP, CP, and GLU were enzymatically assayed on the freeze-dried powder by standard fluorometric techniques (Bergmeyer 1965) .
All values are reported in n'mol/mg dry wt., except for Ah,, which is given in nmol/(mg dry wt:h). All values are reported as the mean 5 1 SE (n = 8). For the study of k2 only, significant differences due to exercise were determined via Student's two-tailed t-test ( P < 0.05), paired design. A Bonferroni procedure for multiple comparison was also employed. For the metabolite study, significant differences from C l (i.e., effect of exercise) and between groups at the same sample times (i.e., effect of prior GLY depletion) were determined via Student's two-tailed t-test at P < 0.05, unpaired design.
Results
Glycogen depletion experiment
Relative to the fed control group, 5 days of starvation reduced GLY levels by 52%, 9 days of starvation caused no further significant change, and 3 days of continuous swimming at 2 BLIs without food dropped GLY stores by 37% (Table 1) . GLU levels, however, were significantly elevated for all three experimental groups. We concluded that 5 days of starvation would have sufficiently reduced GLY stores for the purpose of this study. Note that the initial GLY depletion test was performed on a djfferent batch of trout and at a different time of year than the Mo, and metabolite studies, which presumably explains the differences in control GLY levels from those in the later studies (cf. Fig. 2B +, significantly different (P < 0.05) from corresponding NG sample point.
MO, study
Resting MO, levels in NG fish were about 30 nmoV(mg dry wt. . h), which increased 2.5-fold after the 5-min exercise bout, and required 4-6 h for a complete return to resting levels (Fig. lA) ..GD fish had similar resting and immediately postexercise Mo, levels (Fig. IB) , but the time cpurse of recovery after exercise was slightly different. Mean Mo, level at a few sample times (1 and 1.5 h) was significantly lower than the corresponding measurements in NG fish, giving the appearance
Changes in whole-body glycogen levels (A) and lactate levels (B) after exhaustive exercise i.n NG and GD juvenile rainbow trout. Two control samples were taken (Cl and C2). A, A, nonexercised NG and GD controls, respectively; e, 0, exercised NG and GD fish, respectively. Data are shown as the mean _+ 1 SE (n = 8). The hatched bar indicates a 5-min exercise bout. The first post-exercise sample was taken at 5 min. *, significantly different (P < 0.05) from Cl. +, siguificantly different (P < 0.05) from corresponding NG sample point.
of a faster rate of recovery. However, when the area under the curve was measured on an individual fish basis, there was no significant difference in EPOC between the two groups. NG fish had an EPOC of 70.8 + 8.5 nmoVmg dry wt., while GD fish had an EPOC of 67.6 + ! 3.5 nmoVmg dry wt. There were no significant changes in Mo, in nonexercised controls for either group over the entire experimental period;
Metabolite study
The pattern of post-exercjse MO, (results not shown) was very similar to that in the Mo, study. Except for a small but significant difference at 5-min post-exercise (GD higher than NG), the two M0, curves (in NG and GD samples) were virtually identical, increasing 2-to 3-fold after exercise and requiring 3-6 h for a return to resting levels. EPOC was only slightly greater than the value measured in the Mo, study, and the same in the two groups (NG: 83.5 nmoVmg dry wt.; GD: 85.0 nmoVmg dry wt.).
Resting GLY levels in GD fish (39.8 k 5.2 nmol glucosyl Ulmg dry wt.) were about half those in NG fish (81.4 k9.6 nmoVmg dry wt.; Fig. 2A A comparison, in normal (NG) and glycogen-depleted (GD) fish, of measured changes in EPOC  and whole-body metabolites, with a budget analysis based on the assumption that the ing GLY reserves even though the absolute levels differed from those in the initial GLY depletion test (cf. Table 1) . Exhaustive exercise caused a severe reduction in GLY levels in both groups. GLY in NG fish dropped to 40% of resting levels, a decrease of 49.1 nmoVmg dry wt. GLY in GD fish dropped by only 34.7 nmoVmg dry wt.; however, on a relative basis this was a much more severe depletion, to 13% of resting levels. Peak restoration of GLY stores in both groups occurred at 6 h. At this time, GLY levels were not significantly different from pre-exercise values (C l), though somewhat depressed on an absolute basis. By 12 h, GLY in GD fish was once again significantly lower than C1. The second control sample (C2), taken at the end of the experimental period, also showed a decline in GLY levels in GD fish but not in NG fish.
GLY depletion significantly affected both pre-and postexercise LAC levels. Resting LAC levels were higher in NG fish (6.5 + 0.6 nmoVmg dry wt.) than in GD fish (4.9 + 0.3 nmoVmg dry wt.; Fig. 2B ). After exercise, LAC increased by 42.8 nmoVmg dry wt. in NG fish but by only 26.7 nmoYmg dry wt. in GD fish at 5 min post-exercise. After cessation of exercise, LAC levels continued to rise in GD fish, and peaked 1 h later. This was not observed in NG fish, in which LAC started to decline after the 5-min sample. Recovery time was similar in the two groups (6-8 h).
Whole-body ATP levels (Fig. 3A) were not significantly affected by GLY depletion, both groups showing similar levels and time courses of recovery. Resting ATP levels averaged around 8.5 nmoVmg dry wt., were significantly depleted at 5 min (by about 75%) and 1 h after exercise, but had returned to levels not significantly different from pre-exercise values by 3 h.
Resting whole-body CP levels (C1 and C2; Fig. 3B ) were not significantly different between groups, averaging about 28 nmoVmg dry wt. Samples were not taken immediately at the end of the exercise (i.e., time O), but we have shown elsewhere that this exercise protocol significantly depletes CP stores immediately after exercise, with a rapid recovery within 5 min (Scarabello et al. 1991) . In the present study, NG fish Can. J. Zool. Downloaded from www.nrcresearchpress.com by McMaster University on 09/15/16
For personal use only. still showed depressed CP levels (62% of resting levels) at 5 min, whereas GD fish did not (92% of resting levels). CP levels in both groups continued to rise at 1 h, overshooting resting levels, although to a greater extent in GD fish. Thereafter, CP returned to resting levels in both NG and GD fish (Fig. 3B) .
Resting whole-body GLU levels were not significantly altered by GLY depletion at the start of the experiment (Cl), averaging about 4.5 nmollmg dry wt., but were reduced at the end of the period to about 3 nmoVmg dry wt. in the GD group (C2; Fig. 3C ). GLU levels in GD fish did not vary significantly after exercise but were elevated in NG fish to about 2-fold resting values over the period 1-8 h post-exercise, and returned to control levels by 12 h.
Discussion
A 5-day starvation regime was used to attempt to experimentally dissociate EPOC and LAC disappearance during recovery from a bout of exhaustive exercise. The starvation regime reduced the glycogen content in GD fish by approximately 50% (Fig. 2B) . Following exercise, the total LAC burden in GD fish was reduced by 40% compared. with NG fish (Fig. -2A) . However, GLY depletion did not alter postexercise Mo, (Fig. I) , reflected insidentical EPOC between NG and GD groups in both the Mo, and metabolite studies. Clearly, the experimental protocol (GLY depletion) was successful in dissociating the total LAC accumulated after exercise from EPOC. Furthermore, Mo, required only 4 h to return to pre-exercise levels (Fig. I.) , whereas LAC recovery required 6-8 h ( Fig. 2A) .
EfSects of starvation
The various starvation tests confirm the known sensitivity of GLY reserves to feeding regime in trout (Miller et a1. 1959; Hochachka and Sinclair 1962; Black et al. 1966) . The 5-day starvation period was successful in inducing a reduction of about 50% GLY in juvenile trout (Table 1, Fig. 2A) , a difference that was roughly the same after 9 days of starvation, and which was also maintained on a relative basis at all sampling times after exhaustive exercise. In older trout, white muscle GLY fell by 1 0 4 0 % and liver GLY by 60-80% after starvation periods of 3.5 (Black et al. 1966) , 7, and 14 days (Hochachka and Sinclair 1962) . As in the present study, the results of these earlier investigations suggested that most of the decline occurs in the first few days of starvation, and that GLY reserves are thereafter well defended at lower levels. Hochachka and Sinclair (1962) also reported that intensive feeding was an even more effective mechanism for manipulating GLY reserves, resulting in 4-fold elevations in liver and 9-fold elevations in white muscle.
The 5-day period of starvation did not alter resting ATP and CP reserves (Figs. 3A and 3B ) or resting Mo, (Fig. 1) in the GD fish relative to the NG fish. The latter finding contrasts with earlier reports that routine Mo, declines markedly over the first few days of starvation in trout, owing to a decreased 0, requirement for the assimilation of food (Beamish 1964) . However, Dickson and Kramer (1971) reported a slight increase in standard metabolism after starvation periods longer than 3 days. Furthermore, since our fish were confined in small respirometers during the measurements, the reduction in Mo, that is routinely associated with the decrease in spontaneous activity during starvation would not be seen.
Exercise metabolism in n o m l and GLY-depleted fish
The decrease in whole-body GLY caused by exhaustive exercise was greater in fed (NG) fish than in starved (GD) fish (49 vs. 35 nmoVmg dry wt.), although the relative depletion was greater in the latter (60 vs. 87%). Earlier reports on adult trout are in accord with this pattern (Miller et al. 1959; Black et al. 1966) . Trout with lower initial GLY reserves fatigued more quickly than trout with higher reserves, and mobilized less GLY after a severe exercise bout.
GLY depletion clearly altered pre-and post-exercise LAC levels. Whole-body LAC levels were slightly but significantly lower in GD than in NG fish under resting conditions, at both the start (Cl) and end (C2) of the experiment (Fig. 2B) . This may have been due to reduced rates of glycolysis as a result of lowered GLY reserves, even under aerobic conditions. Similar findings on blood LAC have been observed in humans in whom GLY stores have been reduced by manipulations of diet and previous exercise (Segal and Brooks 1979) .
The post-exercise LAC burden in GD trout was only about 60% of that in NG trout ( Fig. 2A) . This difference was roughly proportional to the difference in post-exercise GLY depletion between the two groups, and was the result that the experiment was designed to achieve. Interestingly, both groups showed a 1 : 1 ratio of GLY depletion : LAC accumulation, in contrast to the expected stoichiometry of 1:2 had the utilization of GLY been entirely anaerobic, as in some other studies (e.g., Black et al. 1962; Dobson and Hochachka 1987) . In our protocol (see also Scarabello et al. 1991) , the type of exercise probably involved GLY utilization as an aerobic fuel as well as an anaerobic one. The rate of pyruvate oxidation would increase along with the rate of glycolytic flux, resulting in a smaller accumulation of LAC than depletion of GLY.
In humans, prior GLY depletion has been associated with a decrease in glycolysis during exercise, suggesting that initial GLY reserves dictate the maximum power output that can be sustained during short-term exercise (Heigenhauser et al. 1983) . The same may well be true in fish. Interestingly, wholebody GLU levels did not rise significantly after exercise in GD fish (Fig. 3C) , perhaps as an indirect consequence of reduced glycolytic rates (i.e., reduced glycogenolysis of gluconeogenesis from LAC). Another possibility is that changes in hormonal levels as a result of starvation are responsible for the reduced GLU levels. For example, it has been shown that 3-4 days' fasting in trout alters the plasma glucagonlinsulin ratio (Plisetskaya 1989) .
GLY depletion had no effect on post-exercise ATP metabolism (Fig. 3A) , though CP repletion with "overshoot" occurred more quickly in the GD group (Fig. 3B) . In view of the lability of CP levels to sampling disturbance (Dobson and Hochachka 1987) and degradation during analysis (van den Thillart et al. 1990) , the meaning of this difference, and especially the overshoot phenomenon, is unclear. A significant post-exercise overshoot in CP levels has been reported in some studies on older trout (e.g., Milligan and Wood 1986; Pearson et al. 1990) , but in our own recent study on very small trout (2-3 g), the overshoot was small and insignificant (Scarabello et al. 1991) . Notably, resting CP levels in that study were about 50% higher than the present control values, and therefore similar to the present overshoot values.
Relationship between LAC burden and EPOC
Despite the substantial difference in LAC burden between Can. J. Zool. Downloaded from www.nrcresearchpress.com by McMaster University on 09/15/16
For personal use only. the two groups, EPOC values were virtually identical. This is consistent with the findings in humans, where prior GLY depletion did not significantly affect EPOC, whereas glycolysis was considerably reduced (Segal and Brooks 1979) . Factors such as the duration of exercise are probably more important determinants of the magnitude of EPOC (Bahr et al. 1987) , in contrast to the classical oxygen debt hypothesis (Hill and Lupton 1923) . In this regard, it is noteworthy that Hochachka (196 1) reported that physically trained trout consumed more O2 after exhaustive exercise and correlated this with greater GLY utilization and LAC accumulation. However, in that study, exercise duration ("stamina") was about 60% longer for the trained fish than for the untrained ones.
In the present study, EPOC was measured as a total, rather than broken down into fast ("alactic") and slow ("lactic") components (Margaria et al. 1933 ). However, Scarabello et al. (1991) demonstrated that the fast component in juvenile trout constitutes only about 20% of the total. It is most unlikely that there was a real difference in the slow components between groups that was masked by an opposite difference in the fast components (ie., higher "alactic" debt in the GD fish). Indeed, if anything, CP repletion (a major portion of the fast component) occurred more quickly in the GD fish (Fig. 3B) .
Scarabello et al. (1991) analysed the potential contribution of LAC metabolism to EPOC in juvenile trout via two different scenarios. As the relative roportion of LAC oxida-? tion versus LAC resynthesis to GL is yet unknown in fish, one scenario (A) assumed that the primary fate of LAC was GLY resynthesis and the other (scenario B) assumed that the primary fate of LAC was oxidation.
The same analysis was attempted in the present study (for computational details see Scarabello et al. 1991). In both NG and GD groups, substantially more GLY was resynthesized during the first 6 h of the post-exercise period than could be accounted for entirely by LAC disposal. Clearly, other precursors of GLY resynthesis, in addition to LAC, must have been utilized. One possibility is GLU mobilized from the liver or other sources (Pearson et al. 1990) . Note that GLU levels did increase at this time, and to a greater extent in the NG fish (Fig. 3C ). This situation, however, precluded precise calculations based on scenario A, i.e., that all GLY resynthesis was from LAC and that only the surplus LAC was oxidized. EPOC occurred in the absence of surplus LAC! Detailed calculations, therefore, could only be carried out on the basis of scenario B, which assumes that the entire EPOC was utilized to oxidize LAC, and that only the surplus LAC was resynthesized to GLY. The main points are summarized in Table 2 . In the NG fish, this approach attributed about 60% of the LAC decrease to oxidation and about 20% of GLY resynthesis to a LAC origin. In the GD fish, the corresponding values were 81% of the LAC decrease and only 9% of the GLY resynthesis (Table 2) . In both groups, LAC oxidation of this magnitude, with such a minimal direct contribution of LAC to GLY resynthesis, seems most unlikely. Indeed, it is now believed that GLY resynthesis is the primary fate of LAC in salmonids (Milligan and McDonald 1988) , in contrast to the situation in humans, where oxidation constitutes over 55% of LAC disposal after exercise (Gaesser and Brooks 1984) .
To conclude, experimental GLY depletion significantly reduced both the post-exercise LAC burden and the quantity cleared during the first 6 h of recovery from a bout of exhaustive exercise, whereas EPOC remained unchanged. Thus, so far as the original hypothesis is concerned (see Introduction), we conclude that the slow component of EPOC is not directly linked to LAC recovery in juvenile rainbow trout, in accord with our recent theoretical analysis (Scarabello et al. 1991) . Clearly, the LAC accumulated during exercise does not determine the magnitude of EPOC, despite the fact that some portion may be used to oxidize LAC. Other factors (e.g., increased substrate cycling, catecholamine mobilization) probably play a more important role. Such factors cannot be directly related to the cost of LAC disposal and are not affected by a short period of starvation. As in mammals, the cost of post-exercise recovery is far more complicated than was suggested by Hill and Lupton (1923) and Margaria et al. (1933) , and the classical oxygen debt hypothesis is not the complete explanation of EPOC.
